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Abstract
Interaction between the adenoassociated virus (AAV) replication proteins, Rep68 and 78, and the viral terminal repeats (TRs) is mediated
by a DNA sequence termed the Rep-binding element (RBE). This element is necessary for Rep-mediated unwinding of duplex DNA
substrates, directs Rep catalyzed cleavage of the AAV origin of DNA replication, and is required for viral transcription and proviral
integration. Six discrete Rep complexes with the AAV TR substrates have been observed in vitro, and cross-linking studies suggest these
complexes contain one to six molecules of Rep. However, the functional relationship between Rep oligomerization and biochemical activity
is unclear. Here we have characterized Rep complexes that form on the AAV TR. Both Rep68 and Rep78 appear to form the same six
complexes with the AAV TR, and ATP seems to stimulate formation of specific, higher order complexes. When the sizes of these Rep
complexes were estimated on native polyacrylamide gels, the four slower migrating complexes were larger than predicted by an amount
equivalent to one or two TRs. To resolve this discrepancy, the molar ratio of protein and DNA was calculated for the three largest complexes.
Data from these experiments indicated that the larger complexes included multiple TRs in addition to multiple Rep molecules and that the
Rep-to-TR ratio was approximately 2. The two largest complexes were also associated with increased Rep-mediated, origin cleavage
activity. Finally, we characterized a second, Rep-mediated cleavage event that occurs adjacent to the normal nicking site, but on the opposite
strand. This second site nicking event effectively results in double-stranded DNA cleavage at the normal nicking site.
© 2003 Elsevier Science (USA). All rights reserved.
Introduction
Adenoassociated virus (AAV) is a small, single-stranded
DNA virus flanked by terminal, inverted repeats (TRs) that
self-anneal to form terminal hairpinned structures. The
AAV genome encodes four viral replication proteins that
share several functional and sequence homologies with the
replication initiator proteins of rolling circle-replicating or-
ganisms (Ilyina and Koonin, 1992; Koonin and Ilyina,
1993). The two larger proteins, Rep68 and 78, are splicing
variants of the AAV p5 promoter. Rep68 and 78 are mul-
tifunctional peptides that are involved in nearly every aspect
of the AAV life cycle including viral DNA replication,
transcription, packaging, and proviral integration into hu-
man chromosome 19. Consistent with their many viral func-
tions, Rep68 and 78 exhibit several biochemical activities in
vitro. These include sequence-specific double-stranded
DNA binding, ATP-dependent DNA helicase, and site-spe-
cific, single-stranded DNA endonuclease activities (Im and
Muzyczka, 1989, 1990).
Many of the viral functions attributed to Rep appear to
require interaction with double-stranded (ds) DNA. Rep
dsDNA binding is directed through a DNA sequence termed
the Rep-binding element (RBE) (Chiorini et al., 1994b;
McCarty et al., 1994a; Ryan et al., 1996; Snyder et al.,
1993). This element is necessary for Rep-mediated unwind-
ing of duplex DNA substrates, directs Rep catalyzed DNA
cleavage, and facilitates Rep-mediated repression of the
AAV p5 promoter and transactivation of the viral p19 pro-
moter. During AAV DNA replication, Rep68 and 78 bind
the viral TRs through the canonical RBE and induce a
site-specific, single-stranded nick into the terminal resolu-
tion site (trs) (Brister and Muzyczka, 1999; Chiorini et al.,
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1994a; Im and Muzyczka, 1990; Snyder et al., 1990). This
endonuclease reaction creates a 3 hydroxyl primer that is
used by host-cell polymerase(s) to initiate viral DNA syn-
thesis (Snyder et al., 1990). Rep also binds RBE homo-
logues at the AAV p5 promoter and the proviral integration
locus on human chromosome 19 and appears to regulate
viral transcription and proviral integration through these
interactions (Beaton et al., 1989; Kyostio et al., 1995; Lin-
den et al., 1996; Pereira et al., 1997; Weitzman et al., 1994).
Similar to many other RCR proteins, Rep68 and 78 readily
form oligomers in solution (Davis et al., 1999; Smith et al.,
1997). However, Rep appears to form larger complexes when
bound to DNAs containing a RBE. Several groups have ob-
served up to six discrete Rep complexes with AAV TR sub-
strates in vitro (Kyostio et al., 1995; McCarty et al., 1994b;
Smith et al., 1997). Although cross-linking studies suggest that
these complexes contain one to six molecules of Rep, the
functional relationship between Rep oligomerization and bio-
chemical activity is unclear (Smith et al., 1997). Several lines
of evidence suggest that a dimer of Rep is required for trs
nicking activity. First, the kinetics of Rep cleavage is second
order with respect to enzyme concentration (Zhou et al., 1999).
Second, both Rep helicase and nicking activities can be inhib-
ited by the addition of mutant protein to in vitro assays (Kyo-
stio and Owens, 1996). Finally, Rep mutants that fail to form
complexes in solution are also unable to cleave TR substrates
(Davis et al., 1999). However, Rep interaction with the AAV
TR may not be a simple matter of peptide oligomerization.
Viral sequences within the TRs appear to self-associate in
solution (Berns and Kelly, 1974). Moreover, Rep seems capa-
ble of interacting simultaneously with at least two different
DNAs containing RBEs (Weitzman et al., 1994), raising the
possibility that higher order Rep complexes contain both mul-
tiple Reps and multiple TRs.
In this article we characterized the Rep complexes that form
with the AAV TR during origin cleavage. Six distinct Rep68
bound TR complexes were observed when the products of trs
nicking reactions are resolved on native polyacrylamide gels,
and a similar set of complexes were formed by Rep78. Sur-
prisingly, the molar ratios of Rep to TR were not 4, 5, or 6 to
1 as would be expected if each Rep complex contained a single
TR. Rather our data suggest that the three larger Rep com-
plexes contain either two or three TRs. Furthermore, when we
examined trs nicking activity in the six Rep complexes, there
appeared to be a correlation between complex size and cleav-
age activity. Finally, we characterized a Rep nicking product
cleaved at both the trs and the strand opposite the trs.
Results
Rep complexes with the AAV TR observed on native gels
The AAV replication protein Rep68 readily forms com-
plexes with viral TR sequences in vitro (Chiorini et al.,
1994b; Im and Muzyczka, 1990; McCarty et al., 1994b;
Ryan et al., 1996; Weitzman et al., 1996). Typically, six
discrete labeled TR complexes are observed when the prod-
ucts of in vitro Rep-binding assays are resolved on native
polyacrylamide gels (Fig. 1). Here we will refer to these
complexes as protein–DNA complexes (PDCs) 1 to 6, with
the numbering ascending from the fastest migrating species
to the slowest. At lower Rep68 concentrations the labeled
TR substrate is primarily associated with the faster migrat-
ing, lower molecular weight Rep complexes (Fig. 1, PDCs
1-4). As the concentration of Rep68 is increased, the distri-
bution of Rep complexes shifts from faster to slower mi-
grating species (Fig. 1, PDCs 4, 5, and 6), consistent with
the notion that the higher molecular weight complexes arise
from the association of multiple Rep molecules with the TR
binding substrate. This pattern of Rep association at the
AAV origin appears to be mediated through the RBE. Ac-
cordingly, the same six distinct PDCs are also observed on
linear AAV substrates lacking the internal palindromes of
the terminal hairpin (Chiorini et al., 1994a; McCarty et al.,
1994a,b; Weitzman et al., 1996; and data not shown).
Both Rep68 and Rep78 form six distinct PDCs when
Fig. 1. Rep68 complexes with the AAV TR. Baculovirus expressed Rep 68
was titrated into 10 l binding reactions containing the 265-nt TR substrate
derived from NE DNA. Binding reactions contained 20 fmol of TR sub-
strate and between 40 and 320 fmol of Rep68. Reactions were incubated at
room temperature for 30 min as described under Materials and methods,
and products were resolved on a 5% native polyacrylamide gel and ob-
served by autoradiography. The six Rep complexes formed on the AAV TR
are denoted (PDCs 1-6).
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incubated with labeled TR substrates (Chiorini et al., 1994a;
Im and Muzyczka, 1992; Leonard and Berns, 1994; Mc-
Carty et al., 1994a; Smith et al., 1997). Yet Rep68 and
Rep78 differ in their carboxyl-termini, raising the possibil-
ity that the complexes formed between these proteins and
the AAV TR are also different. To determine whether this
was the case, TR binding reactions containing Rep78 and
Rep68 were done in parallel, and the products were resolved
on the same 4 and 6% native polyacrylamide gels. We then
measured the distances that each of the Rep68 and Rep78
PDCs migrated relative to the tracking dye present in the
loading buffer (Rf) and these relative mobilities were plotted
against the log10 of the predicted molecular weight of each
complex. Our molecular weight calculations assumed that
the PDCs contained one to six molecules of Rep78 or Rep68
and a single TR substrate. On this logarithmic plot the
relative migration of the complexes formed by both Rep68
and Rep78 fell predominately within a linear regression
(Fig. 2). This suggested that the PDCs formed by Rep78 and
Rep68 are essentially the same and differ primarily in the
molecular weights of the constituent Rep proteins. Our data
were consistent with previous observations using Rep78
(Smith et al., 1997).
Rep complexes with the AAV TR formed in the presence
of ATP
During AAV DNA replication Rep binds the TR and
catalyzes a sequence-specific nick at the trs. In vitro this
cleavage reaction requires ATP (Im and Muzyczka, 1990;
Snyder et al., 1993). Apparently ATP is required to
stimulate endogenous Rep helicase activity that is needed
to unwind the duplex trs and allow formation of a stem-
loop structure at the nicking site (Brister and Muzyczka,
1999). ATP also seems to stimulate the oligomerization
of Rep in the absence of DNA (Davis et al., 1999). To
assess the involvement of ATP in TR binding, we com-
pared the Rep complexes formed in the presence of ATP
with those formed in the absence of this cofactor. Con-
sistent with previous observations, ATP appeared to
stimulate Rep binding to the labeled TR substrate as
observed by native polyacrylamide gels (Kyostio et al.,
1995) (Fig. 3). Although a total of six complexes were
observed under both conditions, the distribution of these
complexes was different at higher Rep concentrations. In
the absence of ATP, there appeared to be an even distri-
bution of labeled TR among the three largest Rep com-
plexes, PDCs 4, 5, and 6. In contrast, more TR substrate
was associated with PDC 5 when ATP was added to
binding assays. Thus, it appeared that the addition of
ATP to binding reactions stimulated the preferential ac-
cumulation of specific Rep complexes with the AAV TR.
Fig. 2. Comparative analysis of Rep 68 and Rep78 complexes with the
AAV TR. Binding reactions containing either Baculovirus-expressed
Rep68 or 78 and the 265-nt TR substrate were incubated at room temper-
ature for 30 min as described under Materials and methods. Products were
resolved on both 4 and 6% polyacrylamide gels, and the mobility of each
Rep complex with the TR (PDCs 2-6) was measured relative to the tracking
dye. These relative motilities (Rf) were then plotted against the log10 of the
predicted molecular weight of each PDC. The molecular weight predictions
were based on a single TR bound to two to six Rep molecules. The Rep68
and 78 data from both gels were analyzed by linear regression.
Fig. 3. Effect of ATP on Rep68 interaction with the AAV TR. baculovirus-
expressed Rep68 was titrated into 10 l TR binding reactions in the
absence or presence of 0.5 mM ATP as described under Materials and
methods. Binding reactions contained 20 fmol of TR substrate and between
40 and 320 fmol of Rep68. Reactions were incubated at 37°C for 30 min
and then resolved on a 5% native polyacrylamide gel. Products of the
reactions were observed by autoradiography.
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Molecular weight estimation of Rep68 complexes with the
AAV TR
To obtain more precise estimates of the molecular
weights of the Rep complexes formed on the AAV TR, we
analyzed the migration of these complexes under increasing
polyacrylamide concentrations. The distance that each PDC
migrated relative to the tracking dye (Rf) was measured on
4.0, 4.5, 5.0, 5.5, and 6.0% native acrylamide gels and
plotted against acrylamide concentration (Fig. 4A). The
slopes of these plots were calculated by linear regression,
and the molecular weights for the Rep complexes were
interpolated from the slopes of size standards run on the
same acrylamide gels (Figs. 4B and C). These so-called
Ferguson plots typically have been found to give molecular
weight estimates to a precision of 5% or less, particularly
with homooligomers such as those that are believed to form
in the case of the Rep complexes containing one to six Rep
proteins (Hedrick and Smith, 1968). Since it was difficult to
visualize PDC 1 under these conditions, this complex was
omitted from our analysis.
Our observed molecular weights were then compared to
those expected for two, three, four, five, or six Rep mole-
cules bound to a single TR (Fig. 4C). The observed molec-
ular weight for PDC 2 was consistent with this complex
containing a single TR (with a MW of 86 kDa) and two
Rep68 molecules (each 61 kDa). Presumably, the slightly
aberrant mobility of the DNA substrate by itself (TR) has
only a minor effect on the mobility of the dimer (PDC2)
because the DNA component represents a relatively small
portion of the total dimer molecular weight. However, the
observed molecular weights for PDCs 3, 4, 5, and 6 were
significantly greater than predicted by the molecular
weights of constituent Rep molecules and a single TR. The
most parsimonious explanation for the difference in molec-
ular weight was that the higher order Rep complexes con-
tained additional copies of the TR. Indeed, the difference
between the expected and observed MWs continued to in-
crease until it reached approximately two TRs for PDC 6,
suggesting that PDC 6 might contain six Rep proteins and
three TRs with a Rep to TR ratio of approximately 2:1.
Molar ratios of Rep68 and the AAV TR within origin
complexes
To determine the molar ratio of Rep and TR more di-
rectly, protein kinase C was used to transfer the 35S moiety
from [-35S]ATP to serine or threonine residues within the
Rep peptide (Fig. 5A). This in vitro reaction appeared quite
efficient, as the level of Rep sulfation was comparable to the
autosulfation observed on protein kinase C (Fig. 5A). The
35S-labeled Rep was then incubated with 32P-labeled TR
substrate in the absence and presence of ATP, under normal
binding conditions. Rep complexes with the TR were re-
solved on native polyacrylamide gels, and individual com-
plexes were then excised from the gels and subjected to
Fig. 4. Molecular weight estimation of Rep68 complexes with the AAV
TR. (A) Baculovirus expressed Rep68 binding reactions with the 265-nt
AAV TR were conducted at room temperature as described under
Materials and methods. Products were then resolved on 4.0, 4.5, 5.0,
5.5, and 6.0% native polyacrylamide gels with several protein molec-
ular weight standards. PDCs were observed by autoradiography, and
protein standards were observed by Coomassie blue staining. The dis-
tances that each Rep68 complex (PDC 2-6) and each weight standard
migrated were measured relative to the tracking dye (Rf). These relative
motilities were then plotted against polyacrylamide concentration, and
the slopes were determined by linear regression analysis. (B) The
negative slope for each size standard was plotted against molecular
weight, and the slope of this plot was determined by linear regression
analysis. (C) The molecular weight of each Rep68 PDC was interpo-
lated from the negative slopes plotted in (B). These observed molecular
weights were then compared to those predicted for complexes contain-
ing a single TR and two to six Rep68 molecules (assuming 61 kDa for
Rep68 and 86 kDa for the TR substrate) and the difference between
observed and predicted was calculated.
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scintillation counting (Fig. 5B). Because the primary emis-
sions of 32P and 35S can be separated into two distinct
channels, the amount of 32P and 35S can be monitored
simultaneously within a single sample (Potter et al., 1993;
Stickland et al., 1993). Given the specific activity of both
the Rep68 and the TR substrate used in each assay, the
molar ratios of 35S-labeled Rep68 and 32P-labeled TR could
be calculated for each complex. Only the radioactivity in
complexes 5 and 6 was sufficiently high to allow accurate
measurements. Additionally, complexes made in the pres-
ence and absence of ATP had the same ratio (data not
shown) and thus, the data for complexes made in the pres-
ence and absence of ATP were pooled. As shown in Fig. 5C,
both PDC 5 and PDC 6 were found to have a molar ratio of
Rep to TR of approximately 2:1. Although statistically less
reliable, a similar ratio (2.33) was seen for PDC 4 (Fig. 5C).
We concluded that these PDCs contained four to six Rep
molecules, as suggested by Smith et al. (1997) and our data
in Fig. 4, but they also contained two or three TRs. The
average Rep-to-TR ratio for the three largest complexes
combined (PDC 4, 5, and 6) was 2.0 (Fig. 5C).
Origin nicking activity of Rep complexes
Rep-mediated nicking of the AAV TR was shown pre-
viously to be second order with respect to enzyme concen-
tration, implying that the active trs cleavage complex is
composed of at least two Rep molecules (Zhou et al., 1999).
Although it seemed clear that the higher order Rep com-
plexes contained multiple TRs as well as multiple Rep
molecules, the relationship between Rep complex formation
and enzymatic activity remained unclear. When Rep68 was
titrated into nicking reactions and the products were exam-
ined on both native and denaturing polyacrylamide gels, a
correlation between Rep complex formation and trs cleav-
age activity was observed. As Rep nicking activity in-
creased, more of the labeled TR was associated with PDCs
4, 5, and 6, and maximal Rep nicking activity was seen
when almost all of the TR was associated with these three
larger PDCs (Fig. 6). This observation suggested that the
larger PDCs might be more efficient for nicking activity.
To determine whether particular Rep complexes were
more active for trs nicking activity, endonuclease assays
were done at limiting Rep concentrations, allowing all six
Rep complexes to be visualized. Under these conditions
relatively little of the larger complexes formed (Fig. 7A).
Fig. 5. Molar ratios of protein and DNA in Rep68 complexes with the AAV
TR. (A) Baculovirus-expressed Rep68 was labeled with -35S using in-
creasing amounts of PKC as described under Materials and methods.
Reaction products were passed through a Sephadex G50 spin column and
resolved on a 5% native polyacrylamide gel. The 35S-labeled Rep68 and
PKC were observed by autoradiography. (B) Increasing amounts of the
35S-labeled Rep68 were incubated with the 32P-labeled 265-nt TR sub-
strate. Binding reactions were incubated at 37°C for 1 h as described under
Materials and methods in the absence or presence of 0.5 mM ATP. The
reaction products were then resolved on 5% native polyacrylamide gels and
observed by autoradiography. The binding reactions shown in (B) included
ATP. (C) Individual PDCs were excised from gels and 35S and 32P emis-
sions from each band were monitored on separate channels of a scintilla-
tion counter (32P, channel 500-1000, and 35S, channel 0-400). The specific
activities of the labeled Rep68 and TR were measured and the molar ratios
of Rep68 and TR were calculated for each PDC. SD is the standard
deviation; n is the number of individual times a PDC was measured. The
last line (PDC 4, 5, 6) shows the average values for all PDC determinations
combined.
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Rep complexes were then resolved on a native polyacryl-
amide gel, and after exposure to autoradiographic film, each
PDC was excised from the gel (Fig. 7A). Following elution
and digestion with proteinase, the DNA from each complex
was resolved on a second denaturing polyacrylamide gel to
separate the cleaved product from the starting substrate. An
aliquot of the complete cleavage reaction was also included
on this gel (Fig. 7B, total reaction). The fraction of nicked
Fig. 6. Role of Rep68 complex formation in trs nicking. Baculovirus-
expressed Rep68 was titrated into 40 l binding reactions containing
5-labeled, 163-nt synthetic TR substrate and 0.5 mM ATP as described
under Materials and methods. Binding reactions contained 10 fmol of TR
substrate and between 10 and 400 fmol of Rep68. Reactions were incu-
bated at 37°C for 1 h and then divided into two equal aliquots. (A) The first
aliquot was resolved on a 5% native polyacrylamide gel, and the Rep
complexes with the TR substrate were observed by autoradiography. The
positions of the TR substrate and the six Rep PDCs are indicated. Rep-
independent substrate oligomers can also be seen on the gel. (B) The
second aliquot was digested with Proteinase K, extracted with phenol and
chloroform, precipitated with ethanol, and resolved on a 10% polyacryl-
amide gel containing 8 M urea. Products of the reactions were observed by
autoradiography. The positions of the 163-nt TR substrate and 22-nt Rep
cleavage product are indicated.
Fig. 7. Origin nicking activity of Rep68 complexes with the AAV TR.
(A) Baculovirus-expressed Rep68 was incubated with 5-labeled,
163-nt synthetic TR substrate at 37°C for 1 h in the presence of 0.5 mM
ATP as described under Materials and methods. The reaction was
resolved on a 3.5% native polyacrylamide gel, and products were
observed by autoradiography. The positions of the TR substrate and the
six Rep PDCs are indicated. A Rep-independent substrate dimer can
also be seen on the gel. (B) Each PDC was then excised from the gel.
DNA was eluted from the gel slice, digested with Proteinase K, ex-
tracted with phenol and chloroform, precipitated with ethanol, boiled,
and resolved on a 10% denaturing polyacrylamide gel. The amount of
substrate and product in each PDC was determined by phosphorImager
analysis, and the fraction of cleaved product present in each PDC was
calculated.
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product present in each complex was determined by divid-
ing the amount of product by the total amount of TR
(substrate  product) in each PDC.
All of the excised PDCs contained nicked product (Fig.
7B). However, as the sizes of the Rep complexes increased,
so did cleavage activity. Indeed, PDCs 5 and 6 contained
approximately twice the fraction of cleaved product as
PDCs 2 and 3 and four times that of PDC 1. This suggested
a functional relationship between PDC composition and
Rep nicking activity. Moreover, considering the calculated
Rep and TR ratios from Fig. 5, our data imply that trs
nicking activity is stimulated in complexes containing mul-
tiple TRs.
Rep complexes with the AAV TR observed on sodium
dodecyl sulfate (SDS)-containing gels
In our earlier work using only partially purified Rep
protein from HeLa cells, we observed two distinct Rep-
bound TR complexes on native polyacrylamide gels after
reaction products were treated with SDS (Im and Muzyczka,
1990). Here we will refer to these complexes as PDC A and
B in ascending order from the faster migrating complex
(Fig. 8A). PDC B migrated as two distinct bands under
native electrophoresis conditions, and PDC A also appeared
to be composed of more than one species. To determine the
composition of these complexes, trs nicking assays were
done using 5 and 3 double-labeled TR substrate and HeLa
cell expressed Rep68. The double label allowed both por-
tions of the trs cleavage product to be observed in later
experiments. The products of these reactions were treated
with SDS and then resolved on native polyacrylamide gels.
PDCs A and B were then isolated from the gels.
When the isolated PDC A and B bands were boiled in
SDS and resolved on a second native gel, both complexes
released a 73-nt product, consistent with a normal, 5-
labeled trs cleavage product (Fig. 8A). Furthermore, the
other portion of the cleavage product migrated slower than
substrate in both PDC A and B; even after treatment with
SDS and boiling, indicating that Rep protein was tightly
Fig. 8. Rep complexes with the AAV TR observed on SDS–polyacrylamide gels. (A) Partially purified, HeLa cell expressed Rep68 was incubated with the
265-nt TR substrate, labeled at both the 3 and the 5 ends, for 1 h at 37°C in the presence of 0.4 mM ATP in a 20 l reaction as described under Materials
and methods. Reactions were stopped with the addition of 10 l of 0.5% SDS and 50 mM EDTA, and products were resolved on a 6% native polyacrylamide
gel (1 TBE). PDC A and B were isolated from the gel, treated with SDS, and resolved alongside complete unfractionated nicking reactions on a second
6% native polyacrylamide gel. PDC A and PDC B samples as well as the complete reaction were each divided into two aliquots, and one of these was boiled
prior to loading on the gel. Product refers to the 5-labeled 73-nucleotide ssDNA fragment resulting from the nicking reaction. Substrate is untreated starting
substrate. PDC A and B are the 3-labeled nicking products containing at least one covalently attached Rep molecule. (B) Partially purified, HeLa cell
expressed Rep68 was incubated with 5- and 3-labeled 265-nt TR at 37°C for 1 h in the presence of 0.4 mM ATP as described above. The total reaction
products or PDC A and B isolated from native polyacrylamide gels as described above were then divided into two aliquots, one of which was digested with
Proteinase K, and loaded on a 6% polyacrylamide gel containing 8 M urea.
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associated with product in both complexes. The size of
PDC B was estimated to be 190 kDa, consistent with a
dimer of Rep68 bound to a cleaved TR (Fig. 8A). Yet,
only one Rep molecule appeared to be covalently at-
tached to the product, and treatment of PDC B with 1 N
NaOH prior to electrophoresis reduced the complex size
to that expected for a monomer of Rep68 covalently
attached to a nicked TR (data not shown). The smaller
PDC A was estimated to be 115 kDa, suggesting that a
single Rep molecule was present in this complex (Fig.
8A). In both cases Rep protein appeared covalently at-
tached to the cleaved TR.
To characterize the DNA component of PDCs A and
B, gel-purified complexes were digested with proteinase
and resolved on sequencing gels (Fig. 8B). PDC B con-
tained a 206-nucleotide TR fragment, concordant with a
196-nt 3-labeled TR cleavage product attached to a
small remnant of digested peptide. In contrast, a discrete
set of bands around 85 nt in length were present in PDC
A. Thus it appeared that the TR in PDC A had been
cleaved at a novel site. To further investigate the products
formed in the two PDCs, the gel-purified, proteinased
complexes were digested with restriction endonucleases,
and restriction fragments were resolved on denaturing
polyacrylamide gels containing a sequencing ladder. Ad-
ditionally, an aliquot of each PDC was denatured with 1
M NaOH prior to restriction digests to disassociate the
3-labeled product from the TR template.
The results from our restriction analysis indicated that
PDC A and B contained different Rep cleavage products.
PDC B was cut by SmaI and BssHII in both native and
denatured forms but was cut with NlaIV only in the
native form (Fig. 9). This is consistent with a typical
Rep-mediated nicking event at the trs. SmaI and BssHII
lie internal to the trs, and cleavage at these sites would be
unaffected by 1 N NaOH treatment as denatured products
would “snap back” into the hairpinned form. However,
NlaIV lies outside of the trs, and 1 N NaOH treatment
would knock the unlabeled 73-nt product off of the TR,
leaving the NlaIV recognition sequence single-stranded.
Similar to most restriction endonucleases, NlaIV recog-
nizes only double-stranded DNA, so no restriction cleav-
age would be expected under these conditions. In contrast
to PDC B, PDC A was cut only with NlaIV, again only in
the native form. This result indicated that this complex
contained a small, double-stranded TR fragment (Fig. 9).
Recalling that 5-labeled PDC A released a normal 73-nt
product after boiling and that 3-labeled PDC A released
a discrete set of 85-nt bands after proteinase treatment,
it appears that PDC A contains a TR that has been
cleaved at both the trs and a nearby site on the opposite
strand (Fig. 9). Moreover, Rep appears to be covalently
attached to the cleavage site on the strand opposite the
trs, the strand that is not usually cut.
Discussion
Rep complexes with the AAV TR
In this article we have characterized the complexes that
form in vitro between the AAV Rep protein and the viral
Fig. 9. Identification of PDC A and PDC B. Partially purified, HeLa cell
expressed Rep68 was incubated with 3-labeled 265-nt TR at 37°C for 1 h
in the presence of 0.4 mM ATP in a 20 l reaction as described under
Materials and methods. Reactions were stopped with the addition of 10 l
of 0.5% SDS, 50 mM EDTA, and products were resolved on a 6% native
polyacrylamide gel (1 TBE). PDC A and B were isolated from the gel,
digested with proteinase, phenol extracted, and ethanol precipitated. The
DNA present in each PDC was then digested with restriction endonucle-
ases (S, SmaI; B, BssHII; N, NlaIV; U, undigested) followed by proteinase
digestion, phenol extraction, and ethanol precipitation. An aliquot of each
PDC also was denatured with 1 M NaOH and neutralized prior to restric-
tion digestion (denatured). The products of the restriction enzyme reactions
were then resolved on denaturing polyacrylamide gels containing 8 M urea
alongside a sequencing ladder. The diagrams indicate the probable struc-
tures of starting substrate, nicked PDC B product with a small peptide
covalently attached, a SmaI-digested PDC B product, a BssHII-digested
PDC B product, a nicked PDC A product, and a NlaIV-digested product
from PDC B and PDC A. The sequence of the AAV TR and the position
of pertinent restrictions sites are indicated below.
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TRs. Our data indicate that the AAV p5 splicing variants
Rep78 and Rep68 form the same six discrete complexes
with AAV TR substrates, PDCs 1 through 6. We and others
have presented evidence that the various PDCs differ in
number of Rep molecules with the largest complex, PDC 6,
containing six Rep molecules (Smith et al., 1997; this re-
port). ATP appears to stimulate the formation of these Rep
complexes, and addition of this cofactor to binding reac-
tions facilitates the accumulation of specific higher molec-
ular weight complexes, PDCs 4, 5, and 6. Several other
replication proteins form hexamers upon binding their DNA
substrates, including SV40 large T antigen and human pap-
illomavirus E1 protein. ATP stimulates T antigen multim-
erization, facilitating formation of double hexamer com-
plexes with a single copy of the origin DNA that are active
for helicase activity (Mastrangelo et al., 1989; Smelkova
and Borowiec, 1997; Valle et al., 2000). Smith et al. (1997)
have suggested a similar hexamer of Rep protein forms on
the TR substrate. However, our data suggest that the rela-
tionship between AAV Rep multimerization and enzymatic
activity is more complex. It appears that maximal Rep-
nicking activity not only requires oligomerization of the
enzyme but also the TR substrate.
Two lines of evidence presented here suggested that
some Rep complexes with the AAV TR contain more than
a single DNA substrate. First, the molecular weights of
PDCs 3, 4, 5, and 6 as estimated by native polyacrylamide
electrophoresis were clearly larger than predicted for 3, 4, 5
or 6 Rep molecules bound to a single TR substrate. In
contrast, the observed molecular weight of PDC 2 was
virtually the same as the expected value for two Rep mol-
ecules and one TR. Second, the molar ratios of Rep to TR
substrate within the three largest PDCs were much smaller
than the expected 4, 5, or 6 to 1. Indeed the molar ratio in
these complexes was consistently 2:1, suggesting that two
or three TRs may be associated with the largest Rep com-
plexes. This suggestion is consistent with a previous report
from Weitzman et al. (1994), who observed that Rep could
simultaneously interact with two different RBE substrates,
the AAV TR and a small DNA derived from the proviral
integration site on human chromosome 19.
Functional significance of Rep complexes with the AAV TR
Rep interaction with the AAV TR is fundamental to viral
replication. This interaction leads to Rep-mediated nicking
of the viral origin, creating a 3 primer used for repair
synthesis of the TRs. We attempted to determine the con-
tribution of Rep complex formation to Rep nicking activity
by isolating each of the six PDCs formed during cleavage
reactions (Fig. 7). Although these complexes are dynamic,
with complexes associating and disassociating in solution
over time, the proportion of nicked TR increased with com-
plex size, and the two largest complexes, PDCs 5 and 6,
contained two- to threefold more nicking activity than the
other complexes. Thus, the formation of higher order Rep
complexes containing multiple TRs appeared to stimulate
trs nicking.
The mechanism of stimulation was not clear. Though it
seems reasonable that a Rep complex on one TR substrate
stabilizes a Rep complex on a second TR as it forms the
proper DNA nicking intermediate, it is also possible that
nicking may occur in trans, with a Rep complex on one TR
initiating cleavage on a second TR.
Rep interaction with RBE substrates during the AAV life
cycle
We can imagine several roles that complexes containing
multiple Rep molecules and multiple DNAs might play
during the AAV life cycle. Presumably such multimeric
complexes would facilitate recombination between viral
DNA and the integration site on human chromosome 19 by
physically bringing together the two DNAs (see Fig. 10).
Indeed, others have suggested that the primary role of Rep
during proviral integration is to target the AAV genome to
the integration locus, AAVS1 (Weitzman et al., 1994;
Young and Samulski, 2001). The mechanism of AAV inte-
gration is not known, and hence, the role of multi-Rep,
multi-RBE complexes in this process is not clear. There is
evidence, however, that Rep cleavage of the trs homolog
within AAVS1 contributes to proviral integration (Linden et
al., 1996; Meneses et al., 2000). If this is the case, then
multimeric Rep complexes that include both AAVS1 and
the AAV TR may facilitate proviral integration by enhanc-
ing Rep nicking activity on one or both DNAs.
Multi-RBE complexes may also facilitate viral transcrip-
tion. These complexes may allow Rep interaction with both
the RBE in the AAV TR and the RBE at the viral p5
promoter (Fig. 10). Rep appears to repress p5 transcription
through an upstream RBE (Kyostio et al., 1995; Pereira et
al., 1997). In contrast, the AAV TR appears to be an en-
hancer of transcription (Beaton et al., 1989; McCarty et al.,
1991; Pereira et al., 1997; Pereira and Muzyczka, 1997;
Weger et al., 1997). Several putative transcription factor
binding sites are present within the AAV TR, including Sp1,
and Rep-mediated interaction between the p5 RBE and the
TR RBE may allow transcription factors bound to the TR to
facilitate transcriptional initiation at p5. Such a complex
would create a DNA loop similar to that previously ob-
served between the AAV p5 and p19 promoters (Lackner
and Muzyczka, 2002; Pereira and Muzyczka, 1997). Alter-
natively, these same Rep oligomers containing TR and p5
RBEs may act to repress AAV transcription from p5. This
repression could be diminished through heterologous pro-
tein interaction with constituent Rep molecules, causing
disassembly of the multimeric Rep complex.
The involvement of multiple TRs during the trs nicking
reaction may also explain a peculiar feature of AAV DNA
replication. When the products of Ad 5 stimulated AAV
DNA replication are resolved on 2D gels, only a relatively
small amount of subgenomic-sized, single-stranded AAV
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DNA is observed (Ni et al., 1998). This implies that trs
nicking does not occur until the replication fork completes
synthesis of the entire AAV genome. Since Rep is quite
capable of cleaving single-stranded, nonreplicated AAV
TRs (Brister and Muzyczka, 1999; Smith and Kotin, 2000),
it appears that Rep nicking activity is regulated in some way
to prevent premature cleavage of the nonreplicated TRs.
Our results suggest that this coordination is achieved at least
in part by the enhanced Rep nicking activity observed in
complexes containing more than one RBE. A replicated TR
contains essentially two double-stranded RBEs, yet a non-
replicated TR contains only one (Fig. 10). Presumably the
availability of two nearby RBEs would stimulate Rep nick-
ing on replicated TRs, thereby coordinating trs cleavage
with progression of the replication fork.
Rep complexes observed on SDS gels
When products of Rep nicking reactions were resolved
on SDS containing polyacrylamide gels, two distinct com-
plexes were observed, PDCs A and B. Our analysis indi-
cates that the slower migrating Rep complex, PDC B, was
formed by a dimer of Rep bound to a single TR that had
been nicked at the trs. One of the two Rep molecules
appears to be covalently attached to a TR substrate as shown
previously (Im and Muzyczka, 1990), and the other can be
removed by treatment with 1 N NaOH prior to electrophore-
sis. In contrast PDC A appears to contain a TR substrate that
has been cleaved at both the trs and a site on the strand
opposite from the trs. Moreover, Rep appears to be co-
valently attached to the strand opposite the trs, not the
normal nicking site.
Although the functional significance of this second-
strand cleavage is unclear, we note three aspects of this
alternative nicking. First, it was clearly Rep dependent.
Indeed, Rep was covalently attached to the product. Second,
it occurred only with partially purified preparations from
either HeLa or Baculovirus expression systems; PDC A has
rarely been seen in highly purified Rep preparations. Thus a
cellular enzyme or cofactor is likely to be involved in this
alternative nicking. Third, we note that many of the AAV
proviral integration events map to this region of the TR,
such that the AAV TR sequences retained within the pro-
viral junction with cellular DNA are those found in PDC A.
Thus, this alternative nicking may have a role during AAV
DNA integration.
Finally, we note that that a high proportion of AAV TR
binding products observed on SDS gels contained a dimer
of Rep. This is in contrast to native gels where Rep trimers
to hexamers were associated with TR substrates. This sug-
gests that there are at least two fundamentally different
types of Rep–Rep interactions. The first is a dimer that is
stable in the presence of SDS, presumably because this
association is primarily hydrophobic in nature. These SDS
stable dimers have been seen previously at high Rep con-
centrations and may represent the fundamental Rep associ-
ation with RBE substrates (Leonard and Berns, 1994). The
second type of interaction allows formation of higher order
oligomers between Rep and multiple RBE substrates. These
interactions do not appear stable in SDS but do appear to
contribute to a variety of viral functions. The existence of
two kinds of Rep–TR interactions was suggested previously
by studies of the dissociation rate of Rep–TR complexes,
which did not dissociate at a simple exponential rate but
appeared to have a biphasic curve (McCarty et al., 1994b).
Fig. 10. Possible roles of multi-Rep, multi-RBE complexes during the AAV life cycle. Several possible functions for complexes containing multiple Rep
molecules and multiple RBE substrates are depicted. See text for details. In these illustrations, Rep is depicted by a black oval and gray boxes depict RBEs.
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Materials and methods
Purification of Rep68 and Rep78
Rep68 was purified to homogeneity from baculovirus-in-
fected Sf9 cells by sequential chromatography on phenyl-
Sepharose, ssDNA-cellulose, and DEAE-cellulose as previ-
ously described (Zhou et al., 1999). Preparations were more
than 99% pure as judged by SDS–acrylamide gel electrophore-
sis followed by silver staining. Rep68 was purified from Ad-
and AAV-infected HeLa cells by sequential chromatography
on phenyl-Sepharose, DEAE-cellulose, and ssDNA-cellulose
as described previously (Im and Muzyczka, 1992). Rep68 from
HeLa cells was judged to be 90-95% pure on silver-stained
SDS–acrylamide gels. Rep78 was partially purified from bac-
ulovirus-infected Sf9 cells by chromatography on phenyl-
Sepharose and ssDNA-cellulose as previously described (Ni et
al., 1998)
DNA substrates
The cloned 265-nt TR substrate was prepared from plas-
mid pSub201 as described previously (Snyder et al., 1990).
Briefly, the AAV PvuII fragment from pSub201 was di-
gested with Exo III to recess the 3 ends of the DNA and
allow self-annealing of TR sequences. Gaps were repaired
with T4 DNA Polymerase and T4 ligase, yielding No-end
DNA (NE). NE DNA was then digested to completion with
Exo III to remove linear DNA contaminants and purified
from 0.7% agarose gels. The 265-nt TR substrate was pre-
pared by XbaI digestion of NE DNA followed by purifica-
tion on ethidium bromide stained, 10% denaturing poly-
acrylamide gels containing 50% urea. DNA concentrations
of purified substrates were determined using the Pico Green
fluorometric reagent (Molecular Probes).
The synthetic TR substrates used in this study were
constructed from gel purified, synthetic oligonucleotides
(Genosys) as previously described (Brister and Muzyczka,
1999). However, construction methods were scaled up to
increase yields. Accordingly, 200 pmol of two annealed
oligos containing the RBE and the trs sequences were li-
gated to 1000 pmol of a third oligo containing the terminal
hairpin. Oligos were ligated together at 32°C for 2 h in
100-l reaction volume containing 50 mM Tris–HCl (pH
7.5), 10 mM MgCl2, 10 mM dithiothreitol, 1 mM ATP, 25
g/ml bovine serum albumin (BSA), and 1600 units of T4
DNA ligase (New England Biolabs). Complete 163-nt TR
constructs were purified from ethidium bromide stained,
10% denaturing polyacrylamide gels containing 50% urea.
DNA concentrations of purified substrates were determined
using the Pico Green fluorometric reagent (Molecular
Probes).
Where indicated, TR substrates were 3-labeled using
[-35P]dATP in a reaction containing 0.1 mM each dCTP,
dTTP, and dGTP, 1-2 pmol TR, and 5 units Klenow at 30°C
for 30 min as described by the supplier (New England
Biolabs). TR substrates were 5-labeled using [-35P]ATP
in a reaction containing 500 fmol TR and 10 units T4
polynucleotide kinase at 37°C for 1 h as described by the
supplier (New England Biolabs). Unincorporated nucleo-
tides were removed from reaction mixtures using Qiagen
spin columns as described by the supplier (Qiagen). The
specific activity of TR probes was determined by spotting a
known amount of TR on DE-81 paper and washing off
unincorporated nucleotides with 0.5 M NaH2PO4. Filters
were dried, plunged into scintillation fluid, and counted on
channel 500-1000 in a scintillation counter.
AAV TR binding assay
Binding assays were conducted essentially as described
elsewhere (McCarty et al., 1994a,b). Briefly, the 10 l
binding reactions contained 10 mM HEPES-KOH (pH 7.5),
20 mM NaCl, 8 mM MgCl2, 10 ng/ml BSA, 40 mM KCl,
0.2 mM dithiothreitol (DTT), 0.5% Tween 20, 1 g/ml
poly(dI-dC), and 2 nM 3-labeled TR substrate (1  104
cpm/fmol). ATP was added to a final concentration of 0.4 or
0.5 mM where indicated. Rep was added to reactions as
indicated in the figure legends. The reactions were incu-
bated at 37°C for 30 min. Reaction products were resolved
on native polyacrylamide gels containing 0.5 TB (45 mM
Tris–borate, pH 7.5-7.8) at 10 V/cm at room temperature.
trs endonuclease assay
The trs endonuclease reactions were performed as de-
scribed previously (Brister and Muzyczka, 1999, 2000; Im
and Muzyczka, 1992). The 20-l reactions contained 25
mM HEPES-KOH (pH7.5), 20 mM NaCl, 5.5 mM MgCl2,
10 ng/ml BSA, 0.2 mM DTT, 0.25% Tween 20, 0.5 nM
5-labeled TR substrate (1  104 cpm/fmol), and 0.5 mM
ATP. The reactions were incubated at 37°C for 1 h. Pro-
teinase K digested reaction products were phenol/chloro-
form extracted, ethanol precipitated, 70% ethanol washed,
and fractionated on 10% denaturing polyacrylamide gels
containing 50% urea. The amount of product formed was
determined with a phosphorImager (Fuji). To confirm that
we were in the linear range of the phosphorImager, we
experimentally compared radioactive standards by phos-
phorImager and scintillation counting.
Size estimation of Rep complexes on native gels
Size estimations were done as TR binding experiments
except that molecular weight standards were included on the
gels. The following standards were used: 163-nt synthetic
TR (53 kDa), BSA (66 kDa), sweet potato -amylase (200
kDa), horse spleen apoferritin monomer (443 kDa), bovine
thyroglobulin, and horse spleen apoferritin dimer (886
kDa). After electrophoresis, gels were fixed with 10% acetic
acid and 20% ethanol. Gels were then stained with 0.0125%
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Coomassie brilliant blue and destained to visualize the pro-
tein molecular weight markers. Rep complexes with the
AAV TR (PDCs) were visualized by autoradiography. The
distance each standard and each PDC migrated was mea-
sured relative to the migration of bromphenol blue tracking
dye loaded on 4.0, 4.5, 5.0, 5.5, and 6.0% polyacrylamide
gels as previously described (Mueller et al., 1995). The
relative migrations of standards and PDCs were plotted
against acrylamide concentration, and the slopes were de-
termined by linear regression. The negative slopes of the
standards were then used to construct a plot from which the
molecular weight of each PDC was estimated by intercala-
tion.
Molar ratios of Rep and TR in AAV origin complexes
Rep was labeled with [-35S]ATP using human recom-
binant protein kinase C purified from a baculovirus expres-
sion system (Gibco-BRL). The typical labeling reaction
contained 40 nM baculovirus-expressed Rep68, 20 mM
Tris–HCl (pH 7.5), 10 mM MgCl2, 1 mM DTT, 100 g/mL
phosphatidyl serine, 20 g/mL 1,2-dioleoyl-sn-glycerol,
0.5% Tween 20, 0.26 mU/mL protein kinase C, and 10 M
[-35S]ATP (3000 Ci/mmol). Reactions were incubated at
4°C for 1 h. Unincorporated radiolabel was removed from
reaction mixtures with a Sephadex G50 spin column.
Binding reactions were conducted with labeled Rep
and 3-labeled TR substrate derived from NE DNA as
described above. Reactions were done in both the pres-
ence of 0.5 mM ATP and the absence of this cofactor. In
general, the Rep used in these reactions had a specific
activity of 30 cpm/fmol and TR substrates were 500
cpm/fmol. Several reactions containing increasing
amounts of only Rep protein or only TR substrate were
included in each experiment. Binding reactions were re-
solved on 4% native polyacrylamide gels as described
above. After gels were dried and complexes visualized by
autoradiography, Rep only, TR only, and PDC bands
were excised, and bands were counted in a scintillation
counter using channel 0-400 to determine 35S-Rep counts
and 500-1000 to determine 32P counts. The experimental
specific activities for Rep and TR substrate were deter-
mined by counting the Rep and TR only bands.
To control for background, several regions of the gel
were excised and counted as above. The average back-
ground from these regions was determined for each channel
and subtracted from the counts obtained with the excised
bands. Also, the 35S counts were corrected for spillover
from the 32P channel. Each experiment was essentially a
Rep titration, and certain concentrations of Rep yielded
more of a given PDC. Additionally, only PDCs that con-
tained counts well above background (more than fivefold)
were used in analysis of data. This excluded analysis of Rep
PDC 1, 2, and 3.
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